Magnetoresistance and Shubnikov-de Hass oscillation in YSb by Yu, Qiao-He et al.
ar
X
iv
:1
60
4.
05
91
2v
2 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 6 
M
ar 
20
17
Magnetoresistance and Shubnikov-de Hass oscillation in YSb
Qiao-He Yu,∗ Yi-Yan Wang,∗ Rui Lou, Peng-Jie Guo, Sheng Xu, Kai Liu, Shancai Wang, and Tian-Long Xia†
Department of Physics, Renmin University of China, Beijing 100872, P. R. China and
Beijing Key Laboratory of Opto-electronic Functional Materials & Micro-nano Devices,
Renmin University of China, Beijing 100872, P. R. China
(Dated: May 16, 2018)
YSb crystals are grown and the transport properties under magnetic field are measured. The resistivity exhibits
metallic behavior under zero magnetic field and the low temperature resistivity shows a clear upturn once a
moderate magnetic field is applied. The upturn is greatly enhanced by increasing magnetic field, finally resulting
in a metal-to-insulator-like transition. With temperature further decreased, a resistivity plateau emerges after the
insulator-like regime. At low temperature (2.5 K) and high field (14 T), the transverse magnetoresistance (MR)
is quite large (3.47 × 104%). In addition, Shubnikov-de Haas (SdH) oscillation has also been observed in
YSb. Periodic behavior of the oscillation amplitude reveals the related information about Fermi surface and
two major oscillation frequencies can be obtained from the FFT spectra of the oscillations. The trivial Berry
phase extracted from SdH oscillation, band structure revealed by angle-resolved photoemission spectroscopy
(ARPES) and first-principles calculations demonstrate that YSb is a topologically trivial material.
PACS numbers: 75.47.-m, 71.30.+h, 72.15.Eb
I. INTRODUCTION
The magnetoresistance (MR) effect, which describes the
change of resistance induced by the magnetic field, is an at-
tractive topic in condensed matter physics. MR not only has
led to many important applications such as magnetic field sen-
sors, but also is a useful way to obtain information about elec-
tronic structure of conductors1,2. In the past several decades,
the in-depth study of giant magnetoresistance (GMR) in mag-
netic multilayers3,4 and colossal magnetoresistance (CMR) in
magnetic oxide materials5,6 has broadened people’s under-
standing of MR in materials greatly. Recently, much atten-
tion has been paid on the extremely large MR (XMR) around
105% to 106%. The XMR has been detected in several non-
magnetic materials, such as TX (T=Ta/Nb, X=As/P)7–15, TX2
(T=Ta/Nb, X=As/Sb)16–25, LaX(X=Sb/Bi)26–30, Cd3As2
31,32,
and WTe2
33–39 etc.
Recently, the rare earth-based materials LaSb and LaBi
with simple rock salt structure have trigged great inter-
est. Both of them exhibit XMR and field-induced metal-to-
insulator-like transition followed by a resistivity plateau at low
temperature and high magnetic field. The transverse MR even
reaches 9 × 105% for LaSb at 2 K and 9 T. SdH oscillation
and high mobility have also been observed. However, the ori-
gin of the XMR and field-induced transport properties is still
controversial. One view attributes it to the compensation of
hole and electron, where the electron-hole balance and high
mobility result in the quadratic behavior and very large value
of MR28–30. Another view thinks that XMR is possibly the
consequence of a combination of electron-hole compensation
and the mixed d-p orbital texture by a magnetic field27. To re-
veal the physics underneath, it is in great demand to find more
materials with similar properties.
In this paper, we report the growth of YSb single crystals
with the same crystal structure and similar chemical com-
position to LaSb/LaBi. The magneto-transport properties of
YSb have been studied in detail. YSb exhibits similar field-
induced behavior and XMR as in LaSb/LaBi. The two major
frequencies obtained from FFT spectra of SdH quantum os-
cillation are larger than those in LaSb/LaBi, which reveals a
larger cross sectional area of Fermi surface in YSb. The trivial
Berry phase, ARPES results and band structure calculation all
demonstrate that YSb is a topologically trivial material. The
electron-hole compensation is suggested to be responsible for
the XMR in YSb.
FIG. 1: (Color online) (a) Crystal structure of YSb. The white and
teal balls represent Y and Sb, respectively. (b) XRD of a single crys-
tal. Inset: the photo of a selected single crystal (each grid stands for
1×1mm2). (c) Refinement results of powder XRD using TOPAS,
a=6.1628(6)A˚ and Rwp=7.914%.
2II. METHODS AND CRYSTAL STRUCTURE
Single crystals of YSb were grown with Antimony flux
method. The starting elements of Y(99.6%) and Sb(99.5%)
were placed into an alumina crucible and sealed in a quartz
tube. The quartz tube was put in a high temperature furnace
and heated to 1273 K, held for several hours, then cooled
down to 1023 K within 200 hours. At this temperature, the
excess Sb flux was removed with centrifuge. The atomic pro-
portion confirmed by energy dispersive x-ray spectroscopy
(EDX) was consistent with 1:1 for Y:Sb. X-ray diffraction
(XRD) patterns of single crystal and crushed crystal powder
were obtained using a Bruker D8 Advance x-ray diffractome-
ter. TOPAS-4.2 was employed for the refinement. Resis-
tivity measurements were performed with four-probe method
in physical property measurement system (Quantum Design
PPMS-14T). ARPES measurements were performed at the
Dreamline beam line of the Shanghai Synchrotron Radiation
Facility (SSRF) with a Scienta D80 analyzer. The energy and
angular resolutions were set to 15 meV and 0.05, respectively.
The samples were cleaved in situ along the (0 0 1) plane
and measured at T=30 K in a working vacuum better than
5×10−11 Torr. The electronic structures of YSb have been
studied by using the first-principles calculations. The projec-
tor augmented wave (PAW) method40,41 as implemented in the
VASP package42–44 was used to describe the core electrons.
For the exchange-correlation potential, the modified Becke-
Johnson (MBJ)45,46 exchange potential with the GGA corre-
lation was used. The kinetic energy cutoff of the plane-wave
basis was set to be 300 eV. A 20× 20× 20 k-point mesh was
utilized for the Brillouin zone (BZ) sampling and the Fermi
surface was broadened by the Gaussian smearing method with
a width of 0.05 eV. Both cell parameters and internal atomic
positions were allowed to relax until all forces were smaller
than 0.01eV/A˚. The calculated equilibrium lattice constant a
is 6.202A˚, which agrees well with the previous experimental
value 6.163A˚47 and the value obtained with x-ray refinement
in this paper. Once the equilibrium crystal structures were ob-
tained, the electronic structures were calculated by including
the spin orbital coupling (SOC) effect. The Fermi surfaces
were studied by using the maximally localized Wannier func-
tions (MLWF)48,49.
YSb crystallizes in a rock salt structure as shown in Fig.
1(a). The XRD pattern of a selected crystal shown in Fig.
1(b) indicates that the surface of the crystal is the (0 0 1)
plane. The powder XRD pattern of YSb crystal is shown in
Fig. 1(c). It was refined using the face-centered cubic struc-
ture with space group Fm-3m (No.225) and the refined lattice
parameter a is 6.1628(6)A˚, which is in good agreement with
the value found from the Inorganic Crystal Structure Database
(ICSD). As shown in the photo of Fig. 1(b), the typical size
of YSb crystals is about 2× 2× 2mm3.
III. RESULTS AND DISCUSSIONS
Figure 2(a) plots the temperature dependence of resistivity
under several magnetic fields. The electric current is parallel
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FIG. 2: (Color online) (a) Resistivity as a function of temperature in
YSb with several magnetic fields applied. (b) ∂ρ/∂T as a function of
temperature. Upper inset: ∂ρ/∂T as a function of temperature under
14 T. The red arrow denotes the Tm. Lower inset: Temperature of
resistivity minimum Tm and inflection Ti as a function of magnetic
field. (c) Plot of ln(ρ) as a function of T−1 used to achieve the energy
gap at several fields. (d) The extracted energy gap values from Fig.
2(c) as a function of magnetic field.
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FIG. 3: (Color online) (a) Resistivity as a function of magnetic field
in YSb with RRR=63 at several temperatures. Inset: enlarged parts
of resistivity at low temperatures (2.5 K, 3.5 K, 5 K, 6.5 K) under
high fields. (b) The logarithmic plot of the MR-H curve at 2.5 K.
3to (0 0 1) plane and the magnetic field is parallel to [0 0 1]
direction. The temperature dependent resistivity at zero field
exhibits a metallic behavior. The high residual resistivity ratio
(RRR, ρ300K/ρ2.5K = 63) indicates good quality of the sam-
ples. When the magnetic field is applied, resistivity decreases
with decreasing temperature until a minimum Tm, then in-
creases until an inflection at Ti where the resistivity plateau
starts to emerge. A metal-to-insulator-like transition is ob-
served at low temperature when a moderate magnetic field is
applied. Such behavior is also observed in previous studies
where the mechanism was under debate34,35,50–52. YSb ex-
hibits large transverse MR ([ρxx(H)− ρxx(0T )]/ρxx(0T )×
100%) of 3.47 × 104% at 2.5 K under the field of 14 T. Ac-
cording to the previous study, MR will increase with increas-
ing RRR26,27,36. As a result, we could get a larger MR for
YSb if we can improve the quality of single crystals. Figure
2(b) shows the ∂ρ/∂T curves derived from Fig. 2(a). Tm
is defined as the temperature where the sign changes which
can be seen clearly in the upper inset and Ti is defined as
the temperature where a valley appears. The inset shows Tm
and Ti as a function of field, and it is clearly shown that Ti
nearly keeps constant and Tm nearly increases linearly with
increasing field. Figure 2(c) plots the ln(ρ) as a function of
the reciprocal of temperature. The values of energy gap can
be obtained by fitting the insulator-like regions (the linear part
in Fig. 2(c)) using the relation ρ(T ) ∝ exp(Ea/kBT ) where
Ea is the energy gap and kB is the Boltzmann constant. As
shown in Fig. 2(d), the energy gap increases with increasing
field, which resembles previous reports in LaSb and LaBi26,27.
Figure 3(a) shows the resistivity of YSb as a function of
field at different temperatures. Clear Shubnikov-de Haas
(SdH) oscillation was observed at low temperature and high
field. The inset shows the enlarged images of oscillating parts.
With the increase of temperature, the transverse MR becomes
smaller and the oscillation gradually disappears. The loga-
rithmic plot of the MR-H curve at 2.5 K is shown in Fig. 3(b).
It shows that the MR follows a semiclassical non-saturating
quadratic behavior (MR ∼ Hm with m ≈ 2). According
to the semiclassical two-band model, MR exhibits quadratic
behavior at low field and reaches saturation at high field.
However, in the case of electron-hole compensation, that is
ne = nh (ne and nh correspond to electron concentration and
hole concentration), the model givesMR = µeµhH
2 (µe and
µh correspond to electron mobility and hole mobility). That
means the MR will follow a non-saturating quadratic behav-
ior. The field dependent MR suggests that YSb is possibly a
electron-hole compensated semimetal.
The oscillation part of resistivity is obtained by subtract-
ing a smooth background. Figure 4(a) plots the oscillation
amplitude ∆ρxx = ρxx − 〈ρxx〉 of YSb against the recip-
rocal of magnetic field at various temperatures. The ampli-
tude displays an obvious periodic behavior and decreases with
increasing temperature or decreasing field. The oscillation
amplitude can be described by the Lifshitz-Kosevich (L-K)
formula1,
∆ρxx ∝
λT
sinh(λT )
e−λTDcos[2pi × (
F
H
−
1
2
+ β + δ)] (1)
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FIG. 4: (Color online) (a) The amplitude of SdH oscillations as a
function of H−1 at several temperatures. (b) Fast Fourier Transform
of the corresponding SdH oscillations at 2.5 K and 8 K. (c) Normal-
ized amplitude of the fast Fourier transform of SdH oscillations with
two different oscillation frequencies plotted as a function of tem-
perature for YSb. Solid lines are fitting curves using the Lifshitz-
Kosevitch formula. The effective masses of carriers are extracted
from the fits. Inset: ln[D] vs 1/H at T=2.5 K. The solid line is lin-
ear fit to obtain the Dingle temperature. (d) 1/H as a function of the
Landau level indices n for the α band. The red and blue symbols cor-
respond to the positions of peaks and valleys in ∆ρ curve at 2.5 K.
The violet curve stands for the linear fit of data. Inset: local enlarged
drawing of Fig. 4(d).
where λ = (2pi2kBm
∗)/(h¯eH¯), m∗ is the effective mass of
carrier, and kB is Boltzmann’s constant. TD and 2piβ are
the Dingle temperature and Berry phase, respectively. δ is
a phase shift with the value of δ = 0 (or ±1/8) for 2D (or
3D) system53. Figure 4(b) shows the fast Fourier transfor-
mation (FFT) spectra at 2.5 K and 8 K. It shows that there
exist two principle oscillation frequencies, Fα=361 T with
its second harmonic frequency F2α=722 T and Fβ=877 T.
In SdH oscillation, the frequency F is proportional to the
cross sectional area A of Fermi surface normal to the mag-
netic field, which can be described using Onsager relation
F = (φ0/2pi
2)A = (h¯/2pie)A. These frequencies in YSb are
higher than those in LaSb and LaBi26–29,35, revealing YSb has
larger Fermi surfaces than LaSb and LaBi. In Fig. 4(c), we
display the temperature dependence of the relative FFT ampli-
tude of frequenciesα and β of YSb, respectively. The thermal
factor RT = (λT )/sinh(λT ) in L-K formula has been em-
ployed to describe the temperature dependence of FFT ampli-
tude. The effective massesm∗α = 0.17me andm
∗
β = 0.27me
can be extracted from the fits. We analyze the main frequency
appearing at 361 T to obtain some basic parameters related to
the Fermi surface. Considering the circular cross section of
the Fermi surface along [0 0 1], the area can be obtained to
be 3.45× 10−2 A˚
−2
by using Onsager relation. This value is
only 3.3% of the whole Brillouin zone in kx − ky plane tak-
ing account of the lattice parameter a = 6.1628A˚. The Fermi
4vector is found out to be 0.105A˚
−1
by using the value of cross
sectional area. The values of the Fermi velocity and the Fermi
energy are 7.2 × 105m/s and 0.502 eV due to the relations
vF = h¯kF /m
∗ and m∗ = EF /v
2
F , respectively. The Din-
gle temperature TD=17.9 K is obtained from the slope in the
plot of ln[D] = ∆ρxxHsinh(λT ) versus 1/H at T=2.5 K as
shown in the inset of Fig. 4(c). The corresponding quantum
lifetime is ταQ = h¯/2pikBTD = 6.8 × 10
−14s . Figure 4(d)
shows the 1/H curve as a function of the Landau level indices
n for the α band. The Berry phase can be extracted based on
Lifshitz-Onsager quantization rule F/H = n+ 1/2− β + δ.
The peaks and valleys of the ∆ρ at 2.5 K are denoted as in-
teger and half-integer Landau level indices, respectively. The
linear fitting gives a result of 1/2−β+δ = 0.4679, indicating
a trivial Berry phase for the α band.
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FIG. 5: (Color online) Hall coefficient at H=14 T plotted as a func-
tion of temperature from T=2.5 K to 300 K in YSb. Inset: Hall
resistivity plotted as a function of field from H=0 T to 14 T at 2.5 K.
The red solid line is the fit using two-band model.
Figure 5 shows temperature dependence of the Hall coef-
ficient RH = ρxy/H at 14 T in YSb. RH in YSb increases
sharply during low temperatures and then decreases slowly at
high temperatures, which is similar to LaSb. However, YSb
shows negative RH up to 300 K, while LaSb shows negative
RH below 40 K and positive above 40 K that undergoes a
second sign change at 170 K27. The field dependent Hall re-
sistivity at 2.5 K is shown in the inset of Fig. 5. It shows
clear oscillation, which also indicates the Landau level emp-
tying as the magnetic field increases. The nonlinear behavior
of ρxy indicates the coexistence of electron and hole in YSb.
According to the two-band model,
ρxy =
H
e
(nhµ
2
h − neµ
2
e) + (nh − ne)(µhµe)
2H2
(nhµh + neµe)2 + (nh − ne)2(µhµe)2H2
(2)
the curve (the red solid line) is consistent with the experi-
mental curve (the black solid line). At 2.5 K, the concen-
trations and mobilities obtained from the two-band model
are ne = 2.06 × 10
20cm−3,nh = 1.74 × 10
20cm−3,µe =
4.02 × 104cm2V −1s−1, and µh = 0.42 × 10
4cm2V −1s−1.
The similar concentrations suggests the compensation of elec-
tron and hole in YSb. However, the ratio nh/ne ≈ 0.84 indi-
cates the compensation is not perfect.
FIG. 6: (Color online) (a) ARPES intensity plot of YSb at EF as
a function of the 2D wave vector recorded with hν=53 eV at T=30
K. The intensity plot is obtained by integrating the spectra within
EF±10 meV. a
′ is the half of lattice constant a (=6.1628(6)A˚) of the
face-center-cubic unit cell. Green solid line indicates the momentum
location of the measured bands in (b) and (c). (b), (c) Photoemission
intensity plot along Γ-M and corresponding 2D curvature intensity
plot54, respectively.
ARPES measurements were performed to investigate the
intrinsic electronic structures of YSb. As illustrated in Fig.
6(a), the topology of Fermi surfaces (FSs) is basically consis-
tent with the previous ARPES55,56 and calculation30,57 results
on LaSb/LaBi, consisting of two hole pockets at the Brillouin
zone (BZ) center and one elliptical electron pocket at BZ cor-
ner. Moreover, we observed some additional FSs around the
M points, which could result from the band folding effect as-
sociated with lattice periodic potential of the termination layer
on the (0 0 1) surface. The detailed band dispersions along Γ-
M are shown in Fig. 6(b) and (c), whose momentum location
is indicated in Fig. 6(a). On moving from Γ to M , the outer
hole band gradually levels off and then curves upward, form-
ing a hole band with a top at −0.75 eV at M . Additionally,
there is a parabolic electron band along Γ-M with a bottom at
−0.30 eV atM , forming a band gap of 0.45 eV. These band
features are quite similar to that of LaSb55, which is demon-
strated as a topologically trivial material without band anti-
crossing along Γ-M . Combining with previous results and
discussion on the SdH oscillation, we can conclude that YSb
is also a topologically trivial material.
The electronic structures of YSb have also been studied
from first-principles calculations. As shown in Fig. 7(a), there
are three bands crossing EF (there is also a band near the FS
but slightly lower than the Fermi level), including two hole-
type bands centered at Γ point and one electron-type band
aroundX point with the ellipsoidal FS. For the two hole-type
bands, one has a nearly spherical FS and another has a FS
stretched in the < 100 > directions. The gap between va-
5FIG. 7: (Color online) (a) Band structure along high-symmetry di-
rections of the Brillouin zone and (b) FSs of YSb calculated with the
MBJ potential and including the SOC effect.
lence band and conduction band atX point is about 0.354 eV.
The band structure from first-principles calculation is consis-
tent with the results of ARPES.
Now we turn to the discussion on the origin of the XMR in
YSb. In Dirac semimetal Cd3As2, the XMR is attributed to
the lifting of topological protection by the applied magnetic
field31. The protection strongly suppresses backscattering in
zero field and leads to a much longer transport lifetime than
the quantum lifetime (τtr/τQ ∼ 10
4). In YSb, the transport
life time is ταtr = µem
∗
α/e = 3.89 × 10
−12s, so the ratio
of ταtr/τ
α
Q is about 57. This value is quite small compared
with that in Cd3As2, indicating the lack of topological protec-
tion for the α band of YSb. This is also consistent with the
topological trivial characteristic of YSb as described above.
In the rare earth-based materials LaSb and LaBi, according
to previous work28–30, the perfect electron-hole compensation
and high carrier mobilities naturally explain the XMR based
on the two-band model. At the same time, results in another
work27 show that a combination of electron-hole compensa-
tion and the orbital texture on the electron band plays the key
role in determining the magnitude of XMR. In YSb, electron-
hole compensation is not perfect. However, the larger gap than
LaSb/LaBi atX point revealed by ARPES and first-principles
calculations indicates that the orbital texture may not be suit-
able to explain the XMR in YSb. Therefore, it is suggested
that the XMR in YSb still originates from electron-hole com-
pensation and high mobility of carriers.
IV. SUMMARY
In summary, single crystals of YSb have been grown
and the magneto-transport properties have been studied in
detail. Field-induced metal-to-insulator-like transition and
XMR are observed and the resistivity plateau emerges after
the insulator-like regime. Moreover, at high magnetic field
and low temperature, clear SdH oscillation appears in YSb.
The FFT spectra reveals that there exist two major frequen-
cies in the oscillation and the corresponding effective masses
are extracted. The linear fitting in the Landau index plot gives
a trivial Berry phase. Combining with the electronic structure
revealed by ARPES experiments and first-principles calcula-
tions, we conclude that YSb is a topologically trivial material.
The XMR in YSb can be attributed to electron-hole compen-
sation and high mobility of carriers.
Note added: On preparing this paper for submission, we
noticed one similar work reported by Ghimire et al. on the
magneto-transport properties of YSb, where similar results
were reported58. While our paper was under revision, two
more papers related got published with one reporting on the
magneto-transport properties59 and another on ARPES study
of electronic structure in YSb where the topologically trivial
nature was revealed60, both of which cited this paper in its
first version. The difference of this paper from their work is
that the Landau level fan diagram is clearly presented and the
Berry phase extracted reveals a possible topologically trivial
nature. The value of ταtr/τ
α
Q is also discussed, where the small
value indicates the lack of topological protection. All these
suggest YSb is a topologically trivial metal, which is further
confirmed by ARPES and first-principles calculations.
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